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Wednesday, March 9, 2011 531abe confirmed experimentally. Using TIRF-microscopy and laser tweezers as-
says to measure microtubule self-assembly from GMPCPP-tubulin in vitro
with nanoscale accuracy, we find that the off-rate is not constant but rather in-
creases with increasing free subunit concentration. Consistent with this obser-
vation, we find that a simple two-dimensional (2D) model predicts the
increasing off-rate with subunit concentration due to a shift in tip structure
from relatively blunt at low concentrations to relatively tapered at high concen-
trations, which we confirmed experimentally by TIRF-microscopy. Because
both the on-rate and off-rate increase with free tubulin concentration, the 2D
model requires an association rate constant that is an order-of-magnitude larger
than the 1D model. We tested this prediction by measuring the variability in
assembly rate, and found that the on- and off-rates are consistent with the 2D
model predictions and are an order-of-magnitude higher than predicted by
the 1D model. In summary, we find that the kinetic rates of microtubule self-
assembly have been severely underestimated in the literature, by at least an
order-of-magnitude. Because net growth results from a small difference be-
tween large on-rates and off-rates, the net rate can be significantly altered by
weak microtubule associated protein and therapeutic drug interactions with
the microtubule.
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Kinetochores are macromolecular machines that couple chromosomes to dy-
namic microtubule tips during cell division, thereby generating force to segre-
gate the chromosomes. Accurate segregation depends on selective stabilization
of correct ‘bi-oriented’ kinetochore-microtubule attachments, which come un-
der tension due to opposing forces exerted by microtubules. Tension is thought
to stabilize these bi-oriented attachments indirectly, by suppressing the desta-
bilizing activity of a kinase, Aurora B. However, a complete mechanistic un-
derstanding of the role of tension requires reconstitution of kinetochore-
microtubule attachments for biochemical and biophysical analyses in vitro.
Here we show that native kinetochore particles retaining the majority of kinet-
ochore proteins can be purified from budding yeast and used to reconstitute dy-
namic microtubule attachments. Individual kinetochore particles maintain
load-bearing associations with assembling and disassembling ends of single
microtubules for >30 min, providing a close match to the persistent coupling
seen in vivo between budding yeast kinetochores and single microtubules.
Moreover, tension increases the lifetimes of the reconstituted attachments di-
rectly, via a catch bond-like mechanismthat does not require Aurora B. Based
on these findings, we propose that tension selectively stabilizes proper
kinetochore-microtubule attachments in vivo through a combination of direct
mechanical stabilization and tension-dependent phosphoregulation.
Platform BG: Protein Aggregates
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Elucidating the structure of Ab40/Ab42 fibrils is of interest in Alzheimer’s dis-
ease research because it is required for designing therapeutics that target fibril
formation at an early stage of the disease. Based on the cryoEM measurements
and on ssNMR data, we probe various amyloid fibril organizations. Our study
demonstrates that the two-fold symmetry tubular Ab42 fibril model with the C-
termini facing the external surface of the fibril has a cavity, while model with
the C-termini facing the internal surface of the fibril shrinks the tubular cavity.
Experimentally, data for the three-fold symmetry structure of the Ab9-40 fibril
suggest formation of tight hydrophobic core through M35 interactions across
the fibril axis and strong I31-V39 interactions between different cross-b units.
Herein, based on ssNMR data, we probe various models with three-fold symme-
try of the full-length Ab40. We revealed that the unique Ab40 triangular struc-
ture has a large cavity along the fibril axis. Finally, the N-termini in Ab40/Ab42
fibrils can assist in the stabilization of the fibrilby interacting with the U-turn
domains or with the C-termini domains. Our findings point to the relevance
of the cavity in oligomers which should be considered, when targeting oligomer
toxicity. This project has been funded in whole or in part with Federal funds
from the NCI, NIH, under contract number HHSN261200800001E.2889-Plat
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Ab(1-40) is the major fibril-forming peptide from Alzheimer’s disease, which
adopts a highly ordered b-sheet conformation upon aggregation into amyloid
fibrils. Several techniques have provided a wealth of structural information
on mature Ab(1-40) fibrils. Yet, the complex formation process of mature fi-
brils is, from a structural point of view, not well understood. Here we use
ssNMR spectroscopy to elucidate the structure of Ab protofibrils. This analysis
is possible since the binding of the antibody B10AP prevents the conversion of
these metastable intermediates into mature fibrils. With a set of eight peptides
with varying isotope labeling schemes, 30 residues distributed over the entire
peptide sequence were covered. 13C CPMAS spectra and 2D correlation exper-
iments were recorded for unambiguous assignment of all carbons. From the
conformation dependent chemical shifts we could identify peptide segments
of stable secondary structure and evaluated the backbone structure using TA-
LOS. Based on this data, Ab protofibrils encompass residues 16-22 and 30-
36 in b-sheet conformation. Further, three structural regions of the protofibrils
present random coil-like chemical shifts, one (residues 23-26) as intermediate
segment between the b-strands and two others at the peptide N- and C- termi-
nus. Obviously the structural elements of mature Ab(1-40) fibrils are already
present in protofibrils, but the b-sheet regions apparently elongate during the
fibrils conversion. Further information about the dynamics of these regions is
provided by measurement of the strength of dipolar couplings, which are con-
verted into an order parameter. Protofibrils show high order parameters (>0.8)
within the b-strand regions, while the measured S values are below 0.8 at the
termini. We never observed S values below 0.4 that would have indicated
very high mobility. Thus, significant structural order exists also within those
sequence segments that have chemical shift values corresponding to a random
coil.
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Non-fibrillar oligomers of the amyloid-beta peptide may be the primary toxic
species in Alzheimer’s disease but detailed structural and kinetic characteriza-
tion of these states has been difficult. Using NMR relaxation measurements,
we observe the kinetics of exchange between monomeric and large, polymor-
phic oligomeric species of amyloid-beta. 15N and 1HN R2 data at multiple
magnetic fields were recorded for several peptide concentrations subsequent
to the establishment of a stable pseudo-equilibrium between monomeric and
NMR-invisible soluble oligomeric species. The increase in 15N and 1HN
R2 rates as a function of protein concentration is independent of nucleus
and magnetic field and shows only a small degree of variation along the pep-
tide chain. This phenomenon is due to broadening arising from the conversion
of monomer to the NMR-invisible oligomeric species (‘‘dark’’ state). At a total
amyloid-beta concentration of 300 micromolar, the apparent first-order rate
constant for this process is 3 s^-1. Fitting the McConnell equations for two
dipolar-coupled spins in two-site exchange to transfer-of-saturation profiles
at two radiofrequency field strengths gives an estimate for koff of 73 s^-1
and transiently bound monomer 1HN R2 rates of up to 42 000 s^-1 in the
tightly bound central hydrophobic region and ~300 s^-1 in the disordered re-
gions, such as the first nine residues. The fraction of peptide within the
‘‘dark’’ oligomeric state undergoing exchange with free monomer is calcu-
lated to be ~3%.
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Protein misfolding and aggregation are important processes in numerous hu-
man diseases, but the detailed structural changes that occur therein evade tra-
ditional crystallographic and NMR-based techniques. Rapid-scan 2D IR
spectroscopy, combined with heavy isotope labeling, provides information
on local secondary structure and coupling between IR chromophores, which
can be used to study systems that aggregate in vitro on a timescale of
532a Wednesday, March 9, 2011minutes to hours. Recently, we have utilized single-position 1-13C=18O la-
bels to develop a detailed kinetic model of the aggregation of synthetic hI-
APP, a 37 AA peptide implicated in type II diabetes mellitus. Here we
demonstrate a segmental, 13C labeling approach to the study the much larger
human gammaD-crystallin, a 173 AA eye lens protein that aggregates via an
unknown mechanism during cataract formation. Using bacterial expression
and native chemical ligation, we have generated a gammaD-crystallin variant
in which the highly similar N- and C-terminal domains are uniformly en-
riched in 12C and 13C, respectively. This results two well-resolved diagonal
peaks in the 2D IR spectrum of the natively folded protein, with a separation
of ~40 cm1. Aggregation under acidic conditions results in spectral changes
consistent with amyloid fiber formation in the C-terminal domain and un-
folding of the N-terminal domain, with evidence of interaction between
the two based on the presence of cross-peaks. The structural model we pro-
pose, currently resolved at the level of individual domains, is nonetheless the
most detailed available for a gammaD-crystallin aggregate to date. We antic-
ipate that the method described will be broadly applicable to difficult sys-
tems including many aggregating, natively unstructured, or membrane-
associated proteins.
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The current challenge in the amyloid field is to obtain structural information
on the progression of associated aggregation pathways, relate them to the
cause of disease, and specifically point to the species truly responsible for neu-
rotoxicity. Huntington’s disease (HD) is linked to the aggregation of mutant
huntingtin (htt) peptide, which contains an abnormally long polyglutamine
(polyGln) repeat that leads to the formation of fibrils with stable, b-sheet
rich structures. Analogous to other neurodegenerative diseases like Alz-
heimer’s, mature htt fibrils are thought to be overall protective while the ear-
lier smaller intermediates are proposed to be toxic to neuronal cells. We
performed time-resolved small-angle neutron scattering (SANS) experiments
to monitor the structural kinetics for htt peptides having polyGln repeats in
the normal (22 Glns) and pathological (42 Glns) range. In addition to observ-
ing the expected faster aggregation rate for longer polyGln repeats, we find
distinct conformational differences between normal and pathological htt.
We also present, for the first time, three-dimensional structures of intermedi-
ates formed at the earliest stages of htt aggregation as detected by SANS and
obtained using ab initio shape reconstruction methods. Finally, we are able to
investigate the internal structure of the mature fibrils, where the mass-per-
length of pathological htt fibrils is considerably less than normal htt fibrils.
These findings provide the first steps toward characterizing the oligomers
formed by htt peptides and illustrate the utility of SANS for identifying differ-
ent aggregate intermediates formed in the development of neurodegenerative
diseases.
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Early prefibrillar intermediates are a key issue in amyloid researches, as they
show the highest cytotoxicity with respect to mature fibrils, which are less toxic
or even harmless. However, the early aggregation process is largely unknown,
since nucleation events are rare, and elongation and reorganization processes
are very fast. Time-resolved synchrotron Small Angle X-ray Scattering
(SAXS), coupled to extended model fitting analysis, has been used to provide
in a millisecond temporal range the structural and aggregational properties of
the early and soluble protofibrils formed by a model protein after a pH jump.
The amyloidogenic apomyoglobin mutant W7FW14F has been investigated
as fibril former: this mutant, which is in a monomeric, partly folded state at
acidic pH, undergoes at neutral pH a nucleation-dependent polymerization re-
action, resulting in the formation of cytotoxic amyloid fibrils similar to thosedetected for proteins involved in amyloid diseases. SAXS evidenced that olig-
omerization of W7FW14F in solution happens in less than 100 ms after the pH
jump from 4.0 to 7.0., while the resulting pattern of protein prefibrillation re-
veals the simultaneous presence of worm-like species and of cylindrically-
shaped aggregates, whose structural features mainly change after 20 ms from
the solution pH jump. Model fitting analysis gives the composition of the dif-
ferent oligomers and their relative concentration as a function of time, suggest-
ing that protofibril formation occurs through the presence of aggregation and
rearrangement competing processes and through the contribution of multiple
coexisting elongated and worm-like protein species. The possibility to use
SAXS in monitoring the effects of cosolvents and/or pharmaceutical agents
in modifying or preventing the early amyloid aggregation patterns is then
demonstrated.
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Aggregation of Transthyretin (TTR) in the form of amyloid fibrils is associated
with systemic and neurological disorders. As part of the amyloid fibrilogenesis
process, several oligomeric and protofibrillar intermediate structures have been
identified and found to possess greater cytotoxicity than the mature amyloid fi-
brils. The structural dynamics and the molecular mechanisms behind the cyto-
toxicity of these intermediates are largely unknown.
In the present work we explored the structure, dynamics and mechanics of TTR
amyloid intermediates with a combination of AFM imaging and single-
molecule force spectroscopy. We show that annular oligomers display a ten-
dency of association into a linear array. AFM imaging and force measurements
indicated that annular oligomers are constituted by 8 TTR dimers that are
largely unfolded when compared with native TTR. Associated annular oligo-
mers undergo a collapsing structural transition before the appearance of amy-
loid protofibrils. The emerging TTR protofibrils display morphological features
predicted by the double-helical model of the amyloid protofilament. Upon
evoking their disassembly, protofibrils dissociated into annular oligomers.
Thus, annual oligomeric species represent an important structural intermediate
along both the assembly and disassembly pathways.
In this study we have dissected several structural transitions associated with the
formation of TTR amyloid protofibrils. Because amyloidogenic aggregation is
a potentially universal feature of proteins, the transitions reported here might be
also relevant for other amyloidogenic disorders as well.
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Alpha-Synuclein (aS) is a natively unstructured protein central to the pathol-
ogy of Parkinson’s disease. A growing body of evidence suggests that soluble
oligomeric aS species are responsible for cell death which perpetuates Par-
kinson’s. A variety of protocols have been described which populate oligo-
mers in vitro for biophysical characterization, yet it remains unclear if
these disparate protocols yield similar species and if these species are rele-
vant to disease states. Furthermore, detailed structural analysis of these olig-
omers, which could be exceptionally useful towards elucidating mechanism
of toxicity and avenues for disease treatment, remains difficult given their
low abundance and apparent heterogeneity. In order to compare their bulk
structural characteristics, we have prepared aS oligomers from a variety of
protocols and characterized them using anti-oligomer antibody A11, cytotox-
icity assays and colocalization studies with SH-SY5Y neuroblastoma cells,
and ThT fluorescence to probe their ability to seed amyloid fibrillation.
Our studies have identified a subset of oligomers which are on the order
of 50 aS monomers in size, are A11-reactive, linking them to disease states
in vivo, and are toxic to and readily taken up by cells in culture. We use sin-
gle molecule Fo¨rster resonance energy transfer to measure the conformational
states of individual aS monomers incorporated into oligomers. We have
found in multiple regions of aS the protein apparently adopts a highly hetero-
geneous ensemble of conformations within oligomers, which emphasizes the
suitability of single molecule techniques for their study. Through understand-
ing the conformational states of aS before and after aggregation to toxic olig-
omeric species, we will provide insight into the mechanism of oligomer
formation and toxicity.
